Abstract: Three kinds of WC-10Ni/NiCrBSi composite coatings were prepared on the surface of Q235 carbon steel at 1015, 1055, and 1095 • C by vacuum brazing. The microstructure and properties of the composite coatings were investigated. The results showed that various reaction layers appeared at the bonding area of the coatings and the substrate. As the brazing temperature increased, the reaction layer between the solder and the hard phase gradually decreased and disappeared at 1095 • C. Simultaneously, the size of gray-white massive phases with a large amount of W in the brazing layer decreased gradually. When the brazing temperature increased, the Fe content markedly increased in the reaction layer of the matrix and the solder, indicating that the increase in brazing temperature was beneficial for metallurgical bonding between the coating and the substrate. Interface bonding strength and wear resistance were enhanced by the increase in brazing temperature; however, the microhardness of the composite coating section decreased. The interface bonding strength reached 362.9 MPa and the wear loss reached a minimum at 1095 • C.
Introduction
The excellent surface properties of materials are of interest to many industries, including the aerospace and oil industries [1] . However, common surface methods for metal materials have their own disadvantages. For instance, thermal spray coatings and base metal bonds are mainly mechanically fitted, so their impact resistance is not great. Owing to uneven heating in the welding process, the temperature gradient in the surfacing welding process is large, leading to high welding stress, deformation, and even cracking. The strengthening thickness of gas-phase deposition coatings is relatively thin [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The flexible "coated cloth" technology originated in the 1960s and 1970s and was invented by Goldsmith and Breton [13, 14] . The main process involved in the flexible "coated cloth" technology is mixing of the powdery hard particles, the bonding metal, and the organic binder with a stirring device. The hard particle powder and the binder metal powder are then wrapped in an organic binder by other molding processes, thereby producing a material with good flexibility. Lu prepared an NiCrBSi/WC-Co wear-resistant composite coating by combining vacuum brazing technology with flexible "coated cloth" technology. By analyzing the microstructure of this "coated cloth", he believed that the organic binder formed a staggered spider web structure under the repeated extrusion of the rolls, and the granular powder was embedded in it [15] . Tan studied the effect of brazing processes on the properties of the WC "coated cloth" layer, finding that the wear resistance of the coating increased with an increase in brazing temperature, but the resistance decreased when the brazing temperature exceeded 1080 • C [16] . In general, coatings prepared by a combination of vacuum cladding and flexible "coated cloth" technology have a characteristic low internal stress, controllable thickness, higher surface hardness, and better wear resistance. At the same time, flexible metal cloth can overcome the problems of complicated structures and the location of the workpiece [17] [18] [19] .
In this paper, based on the research status and development trend of cemented carbide coatings at home and abroad [20] , WC-NiCrBSi composite coatings were prepared on the surface of substrate Q235 by combining vacuum brazing technology and flexible "coated cloth" technology. The effect of changing the brazing temperature on the coating was studied by examining the microstructure and properties of coatings after vacuum cladding, to understand the engineering applications of this type of coating.
Materials and Methods

Materials and Coating Preparation Process
The base material was Q235 carbon steel (70 mm × 30 mm × 5 mm) and its mechanical characteristics are shown in Table 1 . Nickel-coated tungsten carbide WC-10Ni powders were used as the hard phase in the composite coating, in two sizes of 30-45 µm and 5-15 µm. The WC-10Ni powders were prepared by sintering agglomerates of WC particles and Ni. NiCrBSi powders of type BNi-2 (Table 2) were selected as solder and their solidus and liquidus temperatures were 917 and 999 • C, respectively, and the powder diameter was less than 45 µm. The microscopic morphology of WC-10Ni powder and WC BNi-2 powder is shown in Figure 1 . PTFE powder was used as the binder phase in the "metal cloth" rolling process.
Preparation of the "coated cloths" was divided into three steps: the first step was to mix the three different powders with a QM-5 roller mill for 5 h according to the proportion shown in Table 3 ; the second step was to roll the mixed powders repeatedly into a 1 mm thick "Carbide cloth" and "Solder cloth", which are shown in Figure 2 ; and the third step was to cut the cloths to the size of 70 mm × 30 mm.
In this test, a WZB-20 vacuum brazing furnace (Zhongshan, China) was adopted. Before brazing, the surface of the Q235 steel was ground with water-abrasive papers and then ultrasonically cleaned in an acetone solution and dried. The sample assembly method is shown in Figure 3 . Three vacuum brazing temperatures were used in the test for comparison, which were 1015, 1055, and 1095 • C. The vacuum degree during brazing was not less than 2 × 10 −3 Pa, and the brazing process curve is shown in Figure 4 . Three metallographic samples of 15 mm × 5 mm were removed from each sample after brazing. 
Micromorphology Characterizations
The cross-sectional morphology of the coating was observed by means of a Zeiss Axioskop2 metallographic microscope ( Oberkochen, Germany). Punctual and linear elemental analyses were performed on the characteristic areas of the coating cross-section with a JSM-6480 scanning electron microscope with an energy spectrum analyzer (Kyoto, Japan). The side face of the sample was analyzed by an XRD-6000 X-ray diffractometer (Tokyo, Japan) with Cu Kα radiation (λ = 1.54 Å). 
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Hardness and Shear Test
The bonding strength of the coating interface was tested with a CMT5205 electronic universal testing machine (Zhuhai, China) and a self-designed cutting fixture. The test schematic is shown in Figure 5a . The size of the shear sample is 4 mm × 10 mm × 7 mm and each coating was tested five times. The microhardness of different depths of the coating section was tested with a KB 30S FA BASIC automatic hardness tester (Hochdorf-Assenheim, Germany), the test load was 200 gf, and the load time was 20 s. The test schematic for this is shown in Figure 5b . 
Wear Resistance Test
In order to quantify the wear resistance of coatings, 1 mm of the coating surface was removed and a HT-1000 high temperature friction and wear tester (Lanzhou, China) was used. The specific test parameters were as follows: the test temperature was room temperature; the friction pair was a Si3N4 ceramic ball of 5 mm in diameter; the load applied in the test was 20 N; the rotational speed of the grinding disc was 600 r/min; the wear radius was 4 mm; and the wear time was 1 h. In order to obtain accurate data, each coating was tested five times. Figure 6a shows the microstructure of the coating with a soldering temperature of 1055 °C. In the process of brazing, the NiCrBSi solder liquefied, while the WC particles did not decompose. Due to the density of WC being higher than that of the NiCrBSi and the gravity of WC, the WC settled downward and accumulated in areas near the brazing layer. As the brazing temperature increased, the fluidity of the solder increased, and thus the WC particles could sink further into the liquid solder, leading to the increasing amount of liquid solder without WC particles above the coating. As can be seen in Figure 6b , these liquid solders flowed to the back of the sample due to the lack of support from the WC particles. 
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Interface Morphology and Element Distribution
The microstructures of the bonding area of the coatings and substrate brazed at 1015, 1055, and 1095 °C are shown in Figure 7 . The circular vesicular structure in Figure 7 is the WC particles, and the area around the WC particles is filled with an Ni-based solid solution and compound. As can be seen from Figure 7 , this study divided the section into four different reaction layers: Layer I was the "hard layer" composed of gray Ni-based solid solutions and bright white vesicular WC particles; layer II was the reaction layer of the hard phase and the solder, composed of Ni-based solid solutions, WC particles, and gray-white massive phases; layer III was the reaction layer of the matrix and the solder, composed of Ni-based solid solutions and gray-white massive phases, with almost no WC particles; and layer IV was the Q235 matrix. Comparing Figure 7a -c, it was found that layer II became narrower with the increase in brazing temperature, disappearing at 1095 °C.
As the brazing temperature increased, the fluidity of the liquid solder also increased. The pores generated by the high-temperature volatilization of the binder added during the "solder cloth" preparation process allowed for better overflow, and the size as well as the number of pores in layer III gradually decreased. Obviously, the increase of brazing temperature caused the size of the gray-white massive phases to become smaller. 
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As the brazing temperature increased, the fluidity of the liquid solder also increased. The pores generated by the high-temperature volatilization of the binder added during the "solder cloth" preparation process allowed for better overflow, and the size as well as the number of pores in layer III gradually decreased. Obviously, the increase of brazing temperature caused the size of the gray-white massive phases to become smaller. In order to further study the influence of different brazing temperatures on the interface structure of the coating, seven characteristic regions were analyzed by EDS. The characteristic regions B, D, and F were located at Ni-based solid solutions in layer III on the samples prepared at different brazing temperatures, and A, C, E, and G were located at the gray-white massive phases in layer III on these samples. As can be seen in Table 4 , the characteristic regions B, D, and F were mainly composed of Ni and a little of Fe, Si, and Cr. According to the phase diagram of the Ni-Cr and Fe-Ni binary alloys, the regions were composed of γ-Ni(Fe,Cr) and α-Ni(Si) solid solution phase. Comparing the characteristic regions B, D, and F, it was found that as the brazing temperature increased, the Fe content increased significantly. The WC particles used in the test were WC-10Ni, and the 10% Ni added in the hard layer diluted the melting elements Si and B in the solder. Simultaneously, the presence of WC-10Ni in the "Carbide cloth" compared to the "Solder cloth" resulted in a difference in elemental density between them. In the vacuum brazing process, due to the high content of the melting element in the "solder cloth", a large amount of Si and B diffused from the interface between the "carbide cloth" and "solder cloth" In order to further study the influence of different brazing temperatures on the interface structure of the coating, seven characteristic regions were analyzed by EDS. The characteristic regions B, D, and F were located at Ni-based solid solutions in layer III on the samples prepared at different brazing temperatures, and A, C, E, and G were located at the gray-white massive phases in layer III on these samples. As can be seen in Table 4 , the characteristic regions B, D, and F were mainly composed of Ni and a little of Fe, Si, and Cr. According to the phase diagram of the Ni-Cr and Fe-Ni binary alloys, the regions were composed of γ-Ni(Fe,Cr) and α-Ni(Si) solid solution phase. Comparing the characteristic regions B, D, and F, it was found that as the brazing temperature increased, the Fe content increased significantly. The WC particles used in the test were WC-10Ni, and the 10% Ni added in the hard layer diluted the melting elements Si and B in the solder. Simultaneously, the presence of WC-10Ni in the "Carbide cloth" compared to the "Solder cloth" resulted in a difference in elemental density between them. In the vacuum brazing process, due to the high content of the melting element in the "solder cloth", a large amount of Si and B diffused from the interface between the "carbide cloth" and "solder cloth" into the hard layer in order to achieve the balance of the element concentration in the coating, and the side of the interface near the "carbide cloth" became the "output end" of Si and B, resulting in a significant decrease in the melting point of the side. The melting point of WC is 2870 • C, so the separate WC particles did not undergo any transformation under vacuum conditions of 1100 • C, but they may form a dissolution after mixing with the metal matrix [21, 22] . The affinity of Cr to C was higher than that of W and C, and W in WC could be preferentially replaced. Therefore, Cr in NiCrBSi was also a cause of dissolution of WC and this dissolution led to the generation of the gray-white massive phase. The characteristic areas A, C, E, and G (gray-white massive phases) were composed of a large number of W, some Cr and Ni, and a small amount of Si and Fe. A large amount of W content caused the hardness of these phases to be high, leading to a decrease in the bond strength at the bonding surface of the substrate coating. With the increase in brazing temperature, the content of Cr in gray-white massive phases decreased, the content of W increased greatly, and its size decreased gradually, which improved the toughness between the Q235 substrate and coating.
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Phase Composition of Composite Coating
The cross-section of the sample which contains the surface layer, hardened layer, and Q235 substrate layer with a brazing temperature of 1055 °C was analyzed by X-ray diffraction. As shown in Figure 9 , the composite coating contained WC, α-Fe, and γ-Ni solid solution, and a small amount of Ni3Si phase. The γ-Ni solid solution played a supporting role to WC in the coating, and the Ni3Si phase that was dispersed in the coating dispersion strengthened the coating. 
Microhardness of Composite Coating Sections
The microhardness value curves of the three different brazing temperature coating sections at different depths are shown in Figure 10 . The microhardness of the composite coatings section showed the shape of a peak that first increased then decreased from the substrate to the surface layer. By comparison, the microhardness of the hardened layer was higher than that of the substrate, which is about six to seven times that of the substrate. Due to the non-uniformity of WC particle distribution in the hard layer, in the microhardness test, the hardness tester head might have been on the WC particles, causing the microhardness value to fluctuate. At the interface, there was mainly a nickelbased solid solution with some iron elements in the substrate dissolved in it, which was a soft single 
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The microhardness value curves of the three different brazing temperature coating sections at different depths are shown in Figure 10 . The microhardness of the composite coatings section showed the shape of a peak that first increased then decreased from the substrate to the surface layer. By comparison, the microhardness of the hardened layer was higher than that of the substrate, which is about six to seven times that of the substrate. Due to the non-uniformity of WC particle distribution in the hard layer, in the microhardness test, the hardness tester head might have been on the WC particles, causing the microhardness value to fluctuate. At the interface, there was mainly a nickel-based solid solution with some iron elements in the substrate dissolved in it, which was a soft single crystal structure with low hardness that played a good transition between the hard layer and substrate and improved the bonding strength of the coating interface. It can be seen from Figure 10 that as the brazing temperature increased, the microhardness of the interface decreased. This was due to the following: the rise in temperature which increased the diffusion coefficient of the alloying elements Si and B; the increased amount of Fe that dissolved and diffused towards the interface in the matrix; and the brittleness at the interface that was reduced, thereby reducing the hardness. 
Bonding Strength between the Coating and Substrate
In order to study the bonding strength between the WC-NiCrBSi coating and matrix at different brazing temperatures, the specimen was subjected to a shear test. The results are shown in Figure 11 . The interfacial shear strength values of the three coatings were 270.2, 336.7, and 362.9 MPa. The results indicated that metallurgical bonding was formed between the coating and the matrix. The increase in brazing temperature improved the fluidity of the liquid solder and its wettability to the matrix, reduced the segregation of the alloying elements, made the solidification process of the interface more uniform, and effectively reduced the formation of interfacial pores and brittle compounds. The stress concentration regions formed by these pores and brittle compounds were reduced, and the bonding strength at the coating interface was improved. 
Wear Resistance of Composite Coating
The wear resistance of the composite coating surface was not only related to the content of the hard-phase WC particles in the coating, but also to the bonding strength between the WC particles and the solder. As shown in Figure 12 , under the same test conditions, the wear of the matrix was 
The wear resistance of the composite coating surface was not only related to the content of the hard-phase WC particles in the coating, but also to the bonding strength between the WC particles and the solder. As shown in Figure 12 , under the same test conditions, the wear of the matrix was 2.7-4.6 times that of the three brazing temperature coatings. When the brazing temperature reached 1095 • C, the grinding loss of the sample was 3.3 mg, which was the lowest. The increase in brazing temperature was beneficial to the diffusion of the alloying elements into the WC particles, so the microstructure in the coating was more uniform. The degree of metallurgical bonding strength between the WC particles and the NiCrBSi solder increased, resulting in an increase in the resistance of the WC particles being peeled off and an increase in the wear resistance of the coating. between the WC particles and the NiCrBSi solder increased, resulting in an increase in the resistance of the WC particles being peeled off and an increase in the wear resistance of the coating. 
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•
When the brazing temperature increased, the Fe content markedly increased in the reaction layer of the matrix and the solder. This indicated that the increase in brazing temperature was beneficial to metallurgical bonding between the coating and the matrix.
Interface bonding strength and wear resistance were enhanced by the increase in brazing temperature. However, the microhardness of the composite coating section decreased. The interface bonding strength reached 362.9 MPa and the wear loss reached a minimum at 1095 • C. Funding: This research received no external funding.
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